Introduction {#sec1-1}
============

Hepatic I/R injury, a situation coupled with conditions such as liver transplantation and hepatic resection, is a serious clinical problem.\[[@ref1]\] Mechanisms of hepatic I/R injury involve multiple and interdependent pathways, including oxidative stress,\[[@ref2]\] and imbalance between endothelin and nitric oxide.\[[@ref3]\] Lisinopril, an angiotensin converting enzyme inhibitor, has pleiotropic pharmacological effects that may be relevant in hepatoprotection against I/R injury. For example, in addition to inhibiting angiotensin converting enzyme, lisinopril also attenuates reactive oxygen species formation,\[[@ref4]\] and increases nitric oxide bioavailability.\[[@ref5]\] The present study, therefore, was undertaken to evaluate a possible hepato protective effect of lisinopril against hepatic I/R injury in rats.

Materials and Methods {#sec1-2}
=====================
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### Animals {#sec3-1}

Male Wistar rats, weighing 180-200 g, were obtained from National Research Center, Giza, Egypt. They were used after one week of acclimatization to the animal house conditions (12 h lighting cycle and 25±2 °C temperature) and had free access to standard rodent chow and water. All experimental procedures were conducted according to the ethical standards approved by the Institutional Animal Ethics Committee guidelines for animal care and use.

### Chemicals {#sec3-2}

Lisinopril was purchased from Sigma Chemical Co., USA. All other chemicals were of analytical grade and were obtained from commercial sources.

### Experimental Procedures {#sec3-3}

Animals were randomly divided into three groups of six animals each; sham group, I/R-untreated group, and I/R-lisinopril-treated group. Rats were deprived of food, but not water, for 18 h before experiment. They were anesthetized with urethane (1.6 g/kg, i.p.) and the body temperature was maintained at 37 °C using a heating pad. A midline incision was made to the abdomen, and the left branches of the portal vein and hepatic artery were clamped using a vascular clamp to induce ischemia of the median and left hepatic lobes. The right lobes remained perfused in order to prevent intestinal congestion and hemodynamic instability. After one hour of ischemia, the clamp was removed to initiate hepatic reperfusion. The sham-operated animals underwent the same protocol without vascular occlusion. Lisinopril (10 mg/kg, i.p.; the dose based on our preliminary experiments and as per Brower *et al*.,\[[@ref6]\]) was administered 30 min prior to ischemic period. After two hours of reperfusion, blood and liver tissue samples were taken for biochemical analysis and hepatic ultra structural assessment. For preparing liver sample for biochemical analysis, it was homogenized in 20% w/v of ice-cold phosphate buffer (0.01 M, pH 7.4). The homogenate was centrifuged at 3000 rpm for 20 min and the supernatant was kept at -80°C till used.

### Biochemical Analysis {#sec3-4}

Using commercially available colorimetric assay kits, serum ALT, AST (Randox Laboratories Ltd., Co. Antrim, UK) and total bilirubin (Spectrum Diagnostics, Egypt) levels were estimated. Hepatic lipid peroxidation was determined as thiobarbituric acid reacting substance and is expressed as equivalents of malondialdehyde, using 1,1,3,3-tetramethoxypropane as standard.\[[@ref7]\] Hepatic nitric oxide level was measured as total nitrite/nitrate, the stable degradation products of nitric oxide, by reduction of nitrate into nitrite using copperized cadmium, followed by color development with Griess reagent in acidic medium.\[[@ref8]\]

### Electron Microscopic Examination {#sec3-5}

For transmission electron microscopy, liver tissue samples after reperfusion were prefixed in 2% glutaraldehyde in phosphate buffer (pH 7.2). The specimens were then post-fixed in 1% phosphate-buffered osmium tetroxide, dehydrated through ethanol and propylene oxide, and embedded in araldite. Semi-thin sections were stained with azure II and methylene blue. Ultra-thin sections were obtained from the selected blocks, stained with uranyl acetate and lead citrate, examined, and then photographed.

### Statistical Analysis {#sec3-6}

The data are expressed as mean ± SEM. Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by Tukey-Kramar post analysis test for multiple comparisons with *P* \< 0.05 being considered as statistically significant.

Results {#sec1-3}
=======
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### Biochemical Findings {#sec3-7}

Lisinopril pretreatment significantly decreased the hepatic I/R-induced elevations in serum ALT, AST, and total bilirubin levels \[[Table 1](#T1){ref-type="table"}\].

###### 

Effect of lisinopril on serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total bilirubin after two hours of reperfusion

![](IJPharm-43-652-g001)

The malondialdehyde content, as an index of lipid peroxidation, was significantly elevated after reperfusion in I/R group compared with sham group. Pretreatment with lisinopril significantly reduced malondialdehyde content compared with the I/R group \[[Figure 1a](#F1){ref-type="fig"}\]. Correspondingly, I/R induction caused a significant decrease in hepatic nitric oxide, as assessed by reduced nitrite/nitrate content, as compared to the sham group. On the other hand, pretreatment with lisinopril increased I/R-induced decrease in hepatic nitric oxide content \[[Figure 1b](#F1){ref-type="fig"}\].

![Effect of lisinopril on hepatic a) malondialdehyde and b) total nitrite/nitrate levels after two hours of reperfusion. Data shown are mean ± SEM of six rats. \*,Δ Significantly different from sham and ischemia/reperfusion (I/R) untreated groups, respectively, at *P* \< 0.05 (ANOVA)](IJPharm-43-652-g002){#F1}

### Electron Microscopic Analysis {#sec3-8}

Sham hepatocytes had normal appearance of mitochondrion, rough endoplasmic reticulum, and nucleus structure \[[Figure 2a](#F2){ref-type="fig"}\]. Hepatic I/R induced mitochondrial swelling (reflecting the generation of permeability transition) with indistinct cristae and vacuolization. The apoptotic nucleus appeared with irregular border and had increased amount of heterochromatin \[Figures [2b](#F2){ref-type="fig"} and [c](#F2){ref-type="fig"}\]. In lisinopril-treated group, hepatocytes showed a marked improvement in architecture. The nucleus had a nearly smooth rounded contour with almost normally dispersed chromatin. The structure of the mitochondria was roughly normal. In addition, the cytoplasmic vacuoles were rarely seen; however, the typical structure of endoplasmic reticulum was still not clearly visible \[[Figure 2d](#F2){ref-type="fig"}\].

![Electron micrographs depict the ultra structural changes in hepatocytes of a) sham, b,c) ischemia/reperfusion (I/R)-untreated and d) lisinopril-treated groups. Pretreatment of rats with lisinopril alleviated the deleterious effects of I/R](IJPharm-43-652-g003){#F2}

Discussion {#sec1-4}
==========

Hepatic I/R via complex mechanisms lead to serious hepatocellular damage. In the present study, after two hours reperfusion, assessment of the classical markers of liver injury (ALT, AST, and total bilirubin), and hepatic malondialdehyde concentration as well as nitric oxide contents, along with the electron microscopic examination revealed that lisinopril is able to protect against hepatic I/R injury. El-Demerdash *et al*.,\[[@ref9]\] reported that lisinopril reduced lipid peroxidation in carbon tetrachloride-induced hepatotoxicity in rats. Moreover, lisinopril has also been reported to decreased malondialdehyde levels on myocardial infarction in rats.\[[@ref10]\] In addition, lisinopril significantly attenuated diabetes-induced increase in serum thiobarbituric acid reacting substance in rats.\[[@ref11]\] Oxygen-derived free radicals generated during hepatic I/R have been reported to cause cell membrane damage by lipid peroxidation that eventually compromises cell viability, resulting in tissue injury.\[[@ref12]\]

In the present study, hepatic I/R reduced the nitric oxide level. The decrease in nitric oxide production in the early phase of hepatic I/R is most probably due to decreased synthesis of nitric oxide caused by endothelial dysfunction, enhanced inactivation of nitric oxide by the overproduction of superoxide anion or both.\[[@ref13]\] The results in the current study indicated that lisinopril increased hepatic nitric oxide content. Desideri *et al*.,\[[@ref5]\] showed that lisinopril was able to increase nitric oxide bioavailability in human vascular endothelial cells. Moreover, lisinopril significantly attenuated diabetes-induced reduction in serum nitrite/nitrate concentration in rats.\[[@ref11]\] Interventions that increase nitric oxide availability have been shown to be beneficial in hepatic I/R injury.\[[@ref14][@ref15]\] Several mechanisms have been proposed by which nitric oxide protects the liver against the injurious effects of I/R. For example, nitric oxide attenuates I/R injury by maintaining organ circulation as a vasoregulator, an inhibitor of platelet aggregation, and an attenuator of leukocyte adhesion.\[[@ref16]\] The imbalance between nitric oxide and endothelin could cause microcirculatory disturbance in an organ thereby resulting in severe ischemia, which consequently damages its structure and function.\[[@ref17]\] In addition, the toxic effects of nitric oxide are linked with the production of peroxynitrite, however, the beneficial effect of maintaining liver blood flow is more important than the potential for cell damage by peroxynitrite.\[[@ref1]\]

Mitochondrial damage is a major participant in the development of I/R-induced hepatic injury.\[[@ref18]\] In the present study, ultra structural examination revealed that I/R caused impairment of mitochondrial structure. On the other hand, lisinopril improved mitochondrial structural integrity and thereby it could probably protect against the I/R injury. Alternatively, nitric oxide which increased in the current study is reported to protect rat hepatocytes against reperfusion injury mediated by mitochondrial degeneration.\[[@ref19]\]

Mechanism of hepatic I/R injury involves various pathways. Thus, it is difficult to attain effective protection by targeting individual mediators or mechanisms.\[[@ref1]\] Lisinopril exerts multiple pharmacological actions that may be relevant in hepato protection against I/R injury. In addition to inhibiting angiotensin converting enzyme, lisinopril also attenuates reactive oxygen species formation,\[[@ref4]\] increases prostacyclin synthesis,\[[@ref20]\] blocks bradykinin degradation,\[[@ref21]\] increases nitric oxide bioavailability,\[[@ref5]\] and activates peroxisome proliferator-activated receptor gamma.\[[@ref22]\] Therefore, many of these actions can be considered as potential protective targets against hepatic I/R injury.

Hypertension is common after liver transplantation.\[[@ref23]\] Neal *et al*,\[[@ref24]\] reported that lisinopril is an effective treatment for hypertensive patients after liver transplantation. In addition, lisinopril is the only angiotensin converting enzyme inhibitor that does not require hepatic metabolism.\[[@ref25]\] In the present study, lisinopril showed a substantial hepato protection against the deleterious effects of hepatic I/R injury. Accordingly, lisinopril could be the treatment of choice for hypertensive patients before and after liver transplantation.

In conclusion, lisinopril can effectively attenuate I/R-induced liver injury possibly partly by, improving nitric oxide availability and reducing oxidative stress. Consequently, this may play a protective role in preserving the ultrastructural integrity of hepatocytes during I/R injury.
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